The paper is a review of transport properties of selected highly nonstoichiometric 3d systems (Fei-yO, Fei-yS, Tii. y S 2 ). It describes the mechanism of charge transport in these materials at high temperatures and the nature of electronic states related to nonstoichiometry. It demonstrates the occurrence of a semiconductor-metal transition induced by nonstoichiometry and electronic correlations.
INTRODUCTION
Transition metals form many compounds which exhibit electronic conductivity, although the chemical bonds are of a different nature: ionic bonds typical of oxides, covalent bonds -in some sulfides and arsenides, and metallic bonds -in numerous carbides and nitrides. If the character of the chemical bonds undergoes any changes it is anticipated that so does the electronic structure and the charge transport mechanism.
In the transition metal oxides having a partly filled 3d band the Fermi level is located within the 3d band. Moreover, if this band does not split up, these oxide materials show metallic properties. In many transition metal oxides with significant separation of the energy bands 3d, 2ρ and 45, the 3d bands are so narrow that derealization of electrons cannot take place and the electrons are localized in the neighborhood of metal atoms. If, in addition, other partially filled bands are lacking, the materials exhibit insulating properties. Mott 11/ has proved that for the narrow energy bands the energy decrease of electrons, related to band formation and derealization (proportional to band width) may be very small, not exceeding the energy increase related to electrostatic repulsion of two electrons with opposite spins localized at one metal atom. Neglecting the latter energy change is the reason why the properties of certain compounds cannot be explained in terms of a simple band model.
The existence of strong electronic interactions markedly influences the transport and optical properties of materials. One of the important consequences is splitting-up of the effective energy band due to which a pure and stoichiometric compound may have the properties typical of an insulator rather than a metal. The second important consequence is connected with the localization of electronic states, which even in a nonstoichiometric or heavily doped material may bring about insulator-type properties. In the case of strong electronic interactions it is possible that states' energy is strongly dependent on their occupation and, therefore, the analysis of electrical and optical properties should be carried out separately.
Nonstoichiometry of the transition metal compounds additionally complicates the already complex electronic structure of these materials. From the viewpoint of electronic structure the nonstoichio-metry plays the role of a dopant. The excess metal ions and oxidant vacancies correspond to donor centers, whereas metal vacancies and oxidant interstitials correspond to acceptor centers. The band theory fails to explain the nature of electronic states resulting from the occurrence of dopant centers in crystals. A detailed description of any localized state in the vicinity of a dopant depends on the dopant concentration and requires some modification of the Fermi statistics 111 in connection with strong interactions, in such a way that it would take into account the dependence of states energy on their occupation. If the dopant concentration (nonstoichiometry) is so high that the wave functions of electrons introduced by the dopant overlap, the conduction proceeds similarly to that in a partly filled band (insulator-metal transition).
The aim of this work was to collect information concerning the electronic defect structure and charge transport mechanism in selected highly nonstoichiometric systems (Fei.yO, Tii+j^, Fei_yS)on the basis of electrical conductivity, thermoelectric power and nonstoichiometry measurements, carried out under the conditions of thermodynamic equilibrium at different temperatures and oxidant pressures.
The electrical properties were analyzed in view of possible transport in more than one band which has led to a model of electronic structure of these systems, assuming the interactions between the 3 d electrons to be typical of Mott insulators.
Fej.yO
Defect structure and the mechanism of charge transport in ferrous oxide have been extensively studied /3-5/. The high electrical conductivity of this compound is related to a significant deviation from stoichiometry which, for instance, at 1273 Κ varies between 0.05 and 0.17 mole/mole, depending on oxygen pressure. It is commonly accepted that holes produced in the reaction: where η σ varies between 2.4 and 13.6 depending on temperature and composition. Comparison of the above exponent with that appearing in the pressure dependence of the deviation from stoichiometry:
(where n y varies between 3 and 8) suggests that in wustite there must also be present some charge carriers not related to nonstoichiometry. This observation is confirmed by the variations of thermoelectric power shown in Fig. 2 . It can be noticed that the thermoelectric power changes its sign from a positive to a negative one as the oxygen pressure increases, which is difficult to explain in terms of the simple defect structure model (Eq. 1).
In order to verify whether the holes related to ionic defects are the only charge carriers in Fei-yO, a dependence of electrical conductivity on the deviation from stoichiometry has been drawn in Fig. 3 . The results reported by Vallet and Raccah /8/ have been used for the calculations. The dependence obtained can be described by means of one or a number of straight lines, which indicates that the concentration of charge carriers in different ranges of the deviation from stoichiometry is proportional to that of predominant defects. The break-down points between the straight lines in Fig. 3 can be related to some changes in the electronic properties of Fei.yO brought about by increasing nonstoichiometry. This relationship can be expressed in the following way:
where o y denotes the conductivity component related to nonstoichiometry (extrinsic conductivity), σο -the component independent of the concentration of ionic defects (independent of oxygen pressure), i.e. the intrinsic conductivity. The existence of σο (Eq. 4) implies that in ferrous oxide there are some intrinsic charge carriers which have never been taken into account in the models postulated in the literature. Fig. 4 shows the temperature dependence of σο in the Arrhenius plot. The linear course of this function in the above coordinate system makes it possible to estimate the intrinsic conductivity introducing negative and positive charge carriers. In the light of the above considerations the total electrical conductivity of Fei->0 can be expressed as a sum of the intrinsic conductivity σο and the extrinsic one which is a complicated function of the deviation from stoichiometry (see Fig. 3 ).
A dependence of the ay-component of electrical conductivity on temperature at constant deviation from stoichiometiy, y, is shown in Fig. 5 . It is worth mentioning that the activation energy thus determined (of defect ionization) decreases to zero for the highest deviation from stoichiometry, y. This indicates a transition of charge carriers related to ay to a metallic behavior. A phenomenon of this kind is often observed in extrinsic semiconductors and it denotes the overlap of the dopant band and the valence or conductivity band. In the case of Fei-yO this would indicate an overlap of the dopant acceptor band and the valence band 191. The discontinuity of electronic properties of Fei.yO with increasing deviation from stoichiometiy has also been confirmed by the compositional dependence of thermoelectric power. Fig. 6 presents the dependence of thermoelectric power on temperature for a fixed composition of ferrous oxide, i.e. constant y. At a lower deviation from stoichiometry (0.05 <y < 0.08), the behavior of ferrous oxide is typical of semiconductors, the significant decrease of thermoelectric power with increasing temperature is associated with increasing negative input to the thermoelectric power brought about by intrinsic electrons σο. At higher deviations from stoichiometry, y > 0.9, the thermoelectric power assumes small negative values and is practically independent of temperature. Such a behavior cannot be explained in terms of a classical band model. The estimated effective mass m*!m e is equal to 1.5. The critical concentration of acceptor centers, N c , at which an acceptor conduction band forms, can be calculated from an expression given by Mott /10/:
n a g -0.25 (6) where a// is a hydrogen-like radius of a dopant, for which the following condition is satisfied:
The estimated critical concentration of acceptors [see (6) ] at which the acceptor band is formed is 1. 3-10 20 cm" 3 and corresponds to the deviation from stoichiometiy of about 0.003, which is much lower than that actually observed in Fei.yO. Real wustite (i.e.
Fei-yO with y > 0.05) has already a metallic acceptor impurity band. Further increase in the concentration of acceptors (deviation from stoichiometry) leads to a widening of the acceptor band and eventually to its overlap with the valence band ( Fig. 7) , giving rise to a broad metallic band (a semiconductor-metal transition). At the transition point the concentration of charge carriers increases practically independently of temperature and of the deviation from stoichiometry. The nature of charge carriers also changes. On the nonmetallic side of the transition, the conduction takes place simultaneously in the valence and acceptor bands separated from each other as well as in the conduction band. On the metallic side of the transition, the concentration of intrinsic charge carriers practically does not influence the electrical properties of ferrous oxide.
FERROUS SULFIDE, Fei y S
Ferrous sulfide, like ferrous oxide, is highly nonstoichiometric, with a deviation of up to 0.17 mole Fe per mole of FeS /11-14/. However, its electronic defect structure seems more complex. Ferrous sulfide undergoes structural rearrangement at the temperature T a (about 420K). The high-temperature form has a NiAs-type structure with space group P62c, whereas the low-temperature form has a hexagonal superstructure with the space group R3m. As a result of the structural rearrangement at T a , the lattice parameter becomes smaller and so does the volume of the elementary cell (by some 0.7%). At the transition point the properties of this material also undergo changes. Fig. 8 shows as an illustration the temperature dependence of electrical conductivity of ferrous sulfide in a wide temperature range with a visible jump of electrical conductivity by two orders of magnitude at the transition point, T a . At higher temperatures T> T a the electrical conductivity is high and only slightly dependent on temperature, which indicates metallic behavior. In order to examine the nature of electronic states of this material at temperatures exceeding To, the high-temperature electrical properties have been studied under conditions of thermodynamic equilibrium in sulfur vapor. Electrical conductivity vs. sulfur pressure for ferrous sulfide at different temperatures.
metry in the cation sublattice, but also intrinsic charge carriers. This conclusion is supported by the measurements of thermoelectric power (Fig. 10) . The negative sign of thermoelectric power suggests that electrons really participate in charge transport, while its absolute values (24 -38 μν/Κ) suggest conduction in more than one band /16/. Fig. 11 shows a compositional dependence of electrical conductivity of ferrous sulfide found by Rau /14/. Like in the case of ferrous oxide, the electrical conductivity of ferrous sulfide can be described by an equation of the following type: the pressure dependence of electrical conductivity becomes:
The experiments have proved, however, that the electrical conductivity of ferrous sulfide depends on sulfur pressure to a much lesser extent (Fig. 9, η = 18 -23) , which allows us to think that charge carriers in ferrous sulfide are not only holes resulting from nonstoichio-
The σο component (intrinsic conductivity) amounts to 50-70% of the total electrical conductivity. Fig. 12 presents the dependence of the a y component (extrinsic conductivity) on temperature at fixed deviation from stoichiometry (compare with the analogous dependence for ferrous oxide, Fig. 5 ). The activation energy found in this way, being equal to 0.09 eV, is the ionization energy of dopant centers related to nonstoichiometry log[p S2 (Pa)] (cation vacancies V Fe ), and as follows from the plot, it does not depend on the deviation from stoichiometry. A detailed analysis of the a y components leads to the conclusion that unlike ferrous oxide, no dopant metallic band related to nonstoichiometry is formed (Fig. 7) in ferrous sulfide. It seems therefore that metallic behavior and discontinuity of electrical properties of ferrous sulfide at temperatures exceeding T a (Fig. 8) can be ascribed to intrinsic charge carriers, independent of nonstoichiometry (σο component). 
T< T« T>Tc6
N(E) range. According to this model, at temperatures T<T a the effective energy band (d z 2) splits up due to strong interactions between electrons. The energy gap determined from optical measurements, 0.05 eV, seems to comprise the splitted subbands (Δ in Fig. 14) . At the transition point, T a , the volume of the elementary cell becomes smaller, which results in the overlap of the splitted subbands and an abrupt increase in conductivity. The σο component of conductivity seems to be related to conduction in this band. The insulatormetal transition observed for ferrous sulfide seems to resemble Mott's transition in the systems with strong correlation III. However, as follows from Fig. 8 , the nonstoichiometry affects this transition. Ferrous sulfide with high deviation from stoichiometry does not show discontinuity of electrical properties at T a . This might be explained by the fact that the lattice parameter a becomes smaller as the nonstoichiometry increases, which leads to increased overlap of the splitted subbands and to metallic behavior. An additional factor favoring disappearance of the transition is disorder related to nonstoichiometry, which weakens the correlation of electrons.
Tii +y S 2
Titanium sulfide belongs to a large group of layered compounds of the A x MX2 type (A = alkali metal; Μ = transition metal; X = 0,S or Se), which can reversibly incorporate foreign atoms into their lattices without any essential modification of the crystallographic structure /17,18/. It has been stated that titanium disulfide has quite a significant nonstoichiometry range, since the S/Ti ratio can vary between 2 and 1.8 or even less /19,20/. However, the defect structure and the mechanism of charge carrier transport in this material remain unclear.
In agreement with the results obtained by other authors /19,20/, it is assumed in the present paper that predominant defects in titanium disulfide (Tii+ySi) are interstitial cations formed in the reaction:
where T\* z denotes an excess titanium atom with the ionization degree +z located in an interstitial position. The interstitial cations occupy crystallographic voids in the interlayer space of Tii +y S2. Their coordination with six sulfur atoms is analogous to that of titanium ions in normal lattice sites. Therefore, the nonstoichiometric titanium disulfide, in spite of its layered structure, becomes quasi-three-dimensional. From the viewpoint of electronic structure the excess titanium atoms (interstitials) are regarded as donor centers which by ionization provide electrons to the conduction band.
If it is assumed that the predominant defects in Tii +y S 2 are interstitial cations and quasi-free electrons, that these defects are randomly distributed in the crystal lattice and do not interact, a simple point defect model can be applied to predict the pressure dependence of ionic and electronic defect concentrations. Thus, the mass action law applied to Eq. (14) and a simplified electroneutrality condition:
give 1_ From these equations it follows clearly that the concentration of interstitial cations and quasi-free electrons as well as the deviation from stoichiometry y should be simple power functions of sulfur pressure with the exponent -l/(z+l) ranging from 1/2 to 1/5, depending on the ionization degree of interstitials, if the dominating defects in Tii +y S2 result from nonstoichiometry. The investigations of the deviation from stoichiometry as a function of sulfur pressure, reported by Saeki /19/, Winn and Steele /20/, have shown that the 1/(1+«) exponent in equation (17) is about -1/2.5, which would indicate that the dominating defects are singly and doubly ionized titanium ions in comparable amounts. dependence is a simple power function: a = const p s " (18) with the exponent equal to -1/3.6 and virtually independent of temperature. The weaker dependence of electrical conductivity on sulfur pressure, compared with that of the deviation from stoichiometiy, suggests that the charge carriers in titanium disulfide are not only electrons resulting from nonstoichiometry, but also other species, the concentration of which is not dependent on this parameter. The effect of nonstoichiometry on electrical conductivity is shown in where o y denotes a component of conductivity related to nonstoichiometry, i.e. extrinsic conductivity, and σο is a component independent of sulfide composition, i.e. intrinsic conductivity. The nature of charge carriers related to intrinsic conductivity, σο, can be determined from the temperature dependence of this component (Fig. 17) . As can be seen, this dependence follows the Arrhenius relationship: temperature at a fixed deviation from stoichiometry (Fig. 18) . The fact that the extrinsic conductivity component, a y , decreases with increasing temperature indicates that the mobility of charge carriers changes in the same direction (see Figs. 5 and 12) . The above analysis is in apparent contradiction with the activation energy of total electrical conductivity determined at constant sulfur pressure under conditions of thermodynamic equilibrium. However, it should be remembered that in this case the activation energy of electrical conductivity is a sum of the heat of formation and ionization of interstitial cations (donor centers) and that of intrinsic charge carrier generation through the energy gap. Thus, the activation energy of electrical conductivity determined at constant sulfur activity does not provide any information concerning the mobility of charge carriers. A similar situation has been observed in ferrous sulfide 1221 and oxide 191.
The results of thermoelectric power measurements are in agreement with those of electrical conductivity. The negative sign of thermoelectric power 1231 indicates that electrons are the predominant charge carriers.
The compositional dependence of thermoelectric power presented in Fig. 19 with the exponent β = 2/3. As the concentration of charge carriers is proportional to the deviation from stoichiometry, it can be concluded that in the discussed conditions the thermoelectric power of titanium disulfide depends in the same way on carrier concentration. Such a behavior is characteristic of the metallic state, in the case of which the thermoelectric power is:
3 13 J ' (22) where m* is the effective mass of carriers, n e -their concentration, ti and k are the Planck and Boltzmann constants, respectively. The effective mass of carriers estimated from Eq. (22) varies between 2.2 and 1.5 m e for deviations from stoichiometry ranging from 0.01 to 0.07. The observed decrease of the effective mass of carriers with increasing nonstoichiometry /23/ indicates that the properties of titanium disulfide become typical of the metallic state. The analysis of high-and low-temperature electrical properties of titanium disulfide /23/ has led to the qualitative model of its electronic structure which is schematically shown in Fig. 20 . The charge transport in titanium disulfide with a low deviation from stoichiometry ( Fig. 20a) corresponds to the deviation from stoichiometry >>=0.0003 moles. Consequently, for the lowest studied deviations from stoichiometry, i.e. _y=0.042, the donor conduction band has already been formed. Further increase in dopant concentration (y) leads to broadening of this band and finally to its overlapping with the conduction band (Fig. 20b) . Simultaneously, the effective mass of carriers decreases.
SUMMARY
The results of investigations concerning selected 3d systems (Fei.yO, Fej.yS and Tii +y S2) indicate that high nonstoichiometry of these systems leads to metallic behavior. All the materials studied have been found to exhibit metallic behavior at high temperatures.
In the case of Fe^yO and Tii +y S2, the metallic behavior is directly connected with the deviation from stoichiometry (Mott's type semiconductor-metal transition in doped semiconductors). In the case of Fei.yO the acceptor centers (V Fe ) at the concentration of about 0.003 (y) form a narrow acceptor conduction band which for y = 0.08 overlaps the valence band bringing about fully metallic behavior.
In Tii +y S 2 the donor centers (Ti;) form a donor conduction band at a concentration lower by one order of magnitude, compared with Fei.yO, i.e. at y=0.003. This band rapidly widens with increasing nonstoichiometry, which ensures metallic properties of titanium disulfide over the whole homogeneity range.
The semiconductor-metal transition observed in Fej.yS seems to be more complex, involving the Mott's type transition for systems with strong correlation influenced by nonstoichiometry with such consequences as increasing lattice parameter with increasing deviation from stoichiometry as well as increasing disorder which weakens the correlation of electrons.
